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In the last few years, organo-lead halide perovskites MAPbX 3 (MA = CH 3 NH 3, X = Cl -, Br -, or I -) have drawn the attention of many scientists due to their attractive optical and electrical properties, together with their moderate cost and low-temperature solution-processability. [1] [2] [3] [4] [5] [6] [7] These merits make them one of the most promising candidates for the industrial development of next-generation optoelectronic devices. In particular, MAPbI 3 and MAPbBr 3 showed strong optical absorption coefficients across the visible spectra, 8 combined with balanced and longrange electron-hole diffusion lengths 9 and low trap-state densities, 10, 11 resulting in broad employment of these materials in high efficiency solar cells, [12] [13] [14] [15] [16] [17] light emitting diodes, 18, 19 lasers 20, 21 and photodetectors. [22] [23] [24] Optical and electrical studies conducted on single crystals of organo-lead bromide and iodide perovskites 11, 25 revealed that the properties are considerably enhanced in single crystals, compared to their polycrystalline thin film counterparts. This property enhancement is reflected by the absence of an absorption peak near the band gap of the crystals, which indicates more order and long-range structure. 11 Moreover, charge carrier lifetimes in single crystals are longer due to a lower trap-induced recombination rate (357 ns for MAPbBr 3 single crystal and 168 ns for the polycrystalline thin films) 11 . In terms of diffusion length, it was reported that there was a two orders of magnitude increase from 1 µm (films) to 175 µm (crystals) 25 . Hence, the growth of MAPbX 3 crystals from solution is of key importance towards the advancement of perovskitebased applications.
Very recently we have reported the fast solution-based crystal growth of MAPbI 3 and MAPbBr 3 by inverse temperature crystallization (ITC), 26 overcoming the time-consuming conventional crystallization methods such as the typical cooling 27 or antisolvent vapor-assisted 4 crystallization techniques. 11 The optical and transport properties of these ITC grown crystals were comparable to the crystals grown over a much longer period of time.
However, for MAPbCl 3 single crystals grown by the traditional crystallization techniques, 28, 29 only structural characterization was carried out, showing the temperature-dependent phase transitions of the material, [29] [30] [31] while the electrical characterization was limited to the phasedependent dielectric permittivity investigation. 28, 29 Moreover, up to date, optical absorption and emission spectra of MAPbCl 3 single crystal have not been reported. Exploring the optical and electrical properties of the wide band gap MAPbCl 3 single crystal may provide a better understanding of the chloride-based perovskite in the development of optoelectronic devices, in particular, visible-blind UV-detectors.
We report here the ITC of MAPbCl 3 through selecting an appropriate solvent mixture. We investigated the electrical and optical properties to estimate, for the first time, the energy band levels and a number of important semiconducting figures of merit such as charge carrier mobility, exciton lifetime and diffusion length. All these parameters are essential for the utilization of this material in practical applications. Furthermore, we exploited the optical and charge-transport properties of MAPbCl 3 single crystals to design the first UV-photodetector based on organo-lead chloride perovskite single crystal, with high ON-OFF current ratio, fast photoresponse, and long-term photostability.
High purity along with minimum structural defects are well known to be key factors for the successful application of semiconductors in optoelectronic devices. 32 To this end, particular attention was paid to the synthesis and solution growth process, primarily, to the choice of the solvent. We made several attempts trying to form 1M solution of the precursors by dissolving stoichiometric amounts of MACl and PbCl 2 in different solvents; we figured out that while the 6 detail in the Methods section. Inset of Figure 1a shows a highly transparent and colorless 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 shifted PL peak, compared to their thin film counterparts, suggesting lower trap densities due to a higher-dimensional structurally coherent units that are more tight in the single crystal compared to their polycrystalline counterparts, while the low-dimensional units which could be present in thin films are known to emit at lower wavelength. 11 In addition it has been reported that larger crystallite size results in red-shifted PL. 35 From photo-electron spectroscopy in air (PESA) measurement, we estimated the valence band maxima (VBM) of MAPbCl 3 to be -5.82 eV (Figure 2b ). VBM of MAPbBr 3 and MAPbI 3 were previously measured to be -5.68 eV 36 and -5.43 eV, 37 respectively. The monotonic lowering of VBM in MAPbX 3 with descending halogen group (Cl to Br to I) is mainly due to the change of the halogen orbitals participating in the VBM from 3p to 4p to 5p, respectively, which leads to a more covalent bond between the halogen and lead ions. 38 From the VBM and the optical band gap we determined the conduction band edge position of MAPbCl 3 ( Figure 2c ).
As shown in Figure 3a we also studied recombination property of excitons by transient absorption (TA). We observed both fast (τ ~83 ns) and slow (τ ~662 ns) components of the carrier dynamics, as revealed from a biexponential fit of the TA signal. The fast and slow components are likely associated with the surface and the bulk of the crystal, respectively. These values are comparable to the results presented for MAPbBr 3 and MAPbI 3 single crystals.
11,26
We studied the charge-transport properties of MAPbCl 3 single crystal in order to evaluate its potential for optoelectronic applications. We formed a capacitor-like device with selective hole injection by sandwiching a MAPbCl 3 single crystal between two Pt electrodes deposited by sputtering, and investigated the evolution of space-charge-limited current (SCLC) under different biases (Figure 3b) . At low electric field, an ohmic region is confirmed; we extracted the electrical conductivity (σ) to be 2.7 × 10 -8 Ω -1 cm -1 . The I-V characteristics of the crystal change 8 at V TFL (at 9.8 V) where the current exhibits a sharp rise (I α V n>3 ), indicating the transition into the trap-filled limit (TFL), where all the trap states are occupied by the charge carriers. 39 Exploiting the linear dependence between V TFL and the trap density (n traps ),
where ε (23.9) 29 and ε 0 are the dielectric constant of MAPbCl 3 and the vacuum permittivity respectively, L is the thickness of the crystal and e is the elementary charge, we estimated the trap density n traps to be ~3.1 × 10 10 cm -3 . At higher bias, the current shows a quadratic
. Fitting with the Mott-Gurney law,
where J d is the current density and V is the applied voltage, we extracted the value of the carrier mobility (µ) as (42 ± 9) cm 2 V -1 s -1 . The uncertainties represent standard deviation in the measurements based on 5 similar devices. We also estimated the free charge carrier density ! = µμ to be ~4 × 10 9 cm -3 .
Combining the µ value obtained from SCLC and the exciton lifetime τ by TA, we calculated diffusion length (L D ), which represents one of the key parameters for designing highperformance optoelectronic devices:
where k B is the Boltzmann constant and T is the sample temperature. In particular, we estimated a best-case diffusion length (~8.5 µm) by using the longer carrier lifetime, namely the bulk component, and a worst-case diffusion length (~3.0 µm) by considering the shorter carrier 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The temporal photoresponse measured at a bias voltage of 15 V is shown in Figure 4d .
The current ON-OFF ratio was as high as 1.1 x 10 3 . The responsivity (R) was calculated as follows,
where I light is the photocurrent (A), I dark is the dark current (A), and P light is the incident light power (W). At the bias voltage of 15 V, the responsivity of the MAPbCl 3 single crystal based photodetector was estimated to be 46.9 mA/W. Detectivity of 1.2 × 10 10 Jones was calculated using the formula,
where q is the elementary charge and J dark is the dark current density.
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The Journal of Physical Chemistry Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 The response speed is another important parameter for photodetectors, which is related to the extraction of the photogenerated charge carriers. The thickness of the MAPbCl 3 single crystal was reduced to 300 µm in order to reduce parasitic resistance, which is the limit of our polishing technique (see Methods section for more details). The photo response as a function of time is shown in Figure 5a , demonstrating a rise time (t r ) of 24 ms and a decay time (t f ) of 62 ms. These response times compare favorably to those reported for UV photodetectors based on TiO 2 thin films (rise time: 6 s; decay time: 15 s) 41 and ZnO nanoparticles (rise time: 48 s; decay time: 0.9 s) 42 .
Photostability of the MAPbCl 3 single crystal photodetector, without encapsulation, was studied at room temperature in ambient air with a humidity level of 55-60 %. As illustrated in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 laboratories. One important advantage of hybrid perovskite single crystals is their solution-based processability. As shown in Table S1 in the Supporting Information, our device based on hybrid perovskite single crystal is quite promising compared to those published in literature.
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